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Abstract
In this paper, the influence of focal diameter, feeding rate and thermo-mechanical characteristics of the applied material,
represented by its thermal diffusivity, on process efficiency in laser micro welding will be investigated. They all influence
the Péclet number which is a significant determinant of heat conduction losses during laser welding. Two different single-
mode lasers with high (1,000 W) and low power (40 W) were used with ultra-thin stainless steel foils in thicknesses from 
15 to 50 μm as well as aluminum foils in a thickness of 40 μm. They were welded in an overlap joint. It could be clarified
that different dependencies of heat conduction loss have to be considered related to the Péclet number. Additionally, the
choice of the material with its thermo-mechanical characteristics has a great effect on the way in which thermal efficiency 
can be increased. Furthermore, process efficiency in micro welding is influenced by varying focal diameters.
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Laser-based micro welding is a well-established joining process in the development of micro systems.
Although laser welding is more efficient than most other welding processes, it still constitutes a thermal
process. Emitted laser energy is particularly absorbed by the workpiece and thermalizes therein. The portion of 
absorbed energy which heats up and melts the material is the actual welding energy. While heating up the
irradiated material, absorbed energy is dissipated by heat conduction losses. This causes thermally induced
distortions in the material to be welded. Hence, a gap is formed between the two joining partners during lap
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welding. As the thickness of the joining partners decreases, the distortion comparatively increases 
exponentially [1]. Thus, the gap increases in the same way. During lap welding, the full penetration depth is in 
correspondence with the doubled sheet thickness. The ratio of the gap to the full penetration depth affects 
joinability. This leads to decreasing joinability as sheet thicknesses decrease. In order to support further 
miniaturizing of micro-systems and the welding technology required for it, the distortion caused by dissipation 
losses has to be minimized. Hence, it is recommended to increase the process efficiency of laser-based micro 
welding.  
2. Approach 
The process efficiency Proc is described by thermal efficiency th and coupling rate abs: 
=   (1) 
In which the coupling rate during heat conduction welding is in accordance with the absorption coefficient 
A. In a deep welding regime, the coupling rate is determined by the multiple reflections on the wall of the 
keyhole and the corresponding absorption coefficient. The influence of the quantity of reflections is 









  (2) 
Therein, the aspect ratio is defined by welding depth s and focal diameter df : 
=   (3) 
The thermal efficiency is a ratio of the necessary power to heat up the material to melting point PM to the 
sum of this necessary power and the heat dissipation loss PDis [3]. 
= +   (4)  
The Péclet number is an absolute measure of the thermal efficiency and can be written as follows [4]: 
=    (5)  
In there, v represents the feeding rate; b is the weld seam width and  is known as thermal diffusivity. The 
latter consists of thermal conductivity th, specific thermal capacity cp and density : 
=   (6) 
Thus, the dissipation loss of a moving cylindrical heat source can be expressed using the Péclet number Pe 
[5]: 
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= 4 ( 0) 2
0,3
(7)
Whereas the necessary power to heat up the material to the melting temperature follows a linear term [5]: 
= 2 ( 0) (8)
Here, TM and T0 represent the melting temperature and the room temperature respectively. Using (7) and (8)




Fig. 1a) shows that thermal losses at small Péclet numbers are bigger than the actual heat and melting 
energy. The approximate models [2,6] denote that beginning with the Péclet number of 12, the maximum 
thermal efficiency is attained.
Fig. 1. a) Schematic heat dissipation loss, thermal efficiency and welding energy in dependence on Péclet number; b) Simplified scheme 
of the welding process
In order to increase thermal efficiency and to minimize thermal losses compared to the actual welding
energy, the Péclet number can be raised. This is achieved by adapting process parameters like feeding rate or 
weld bead width and the focal diameter respectively. Additionally, the choice of the material has a great 
influence on thermal efficiency due to differing thermo-mechanical characteristics represented by .
3. Experimental
3.1. Test design
The influence of feeding rate, focal diameter and thermal diffusivity on process efficiency in micro welding 
shall be illustrated by micro welding tests. 
For this purpose, ultra-thin ( stainless steel and aluminum foils served as specimens. Applications
in micro welding are frequently jointed in a lap weld [7]. For this reason, the foils were welded in an
overlapping joint. The feeding rate was raised at a given laser power until an incomplete penetration resulted.
Thereby, a process window could be determined. This step was iterated by increasing the laser power
incrementally. Only the results of the lower process boundary nearby an incomplete penetration (see Fig. 1 b)
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were used for interpretation in order to ensure the comparability. This method of approach leads to the 
following definition: The welding depth s is in accordance with the foil thickness and defined by it.  
When deep welding with the same focal diameter, a constant aspect ratio per foil thickness is obtained. For 
the purpose of considering the coupling rate, an average absorption coefficient A can be applied [2]. This leads 
to a constant coupling rate at identical foil thicknesses and focal diameters respectively (c.f. formula 2). In this 
case, thermal efficiency is directly proportional to the process efficiency.  
3.2. Test arrangement 
 Two different laser sources were used in this study in order to provide a broad range of processing 
parameters. The first is a JENOPTIK 1,000 W single-mode fiber laser (M² < 1.15 /  = 1,070 nm) and second 
is a PRENOVATEK 45 W disc laser (M² < 1.2 /  = 1,030 nm). Both systems emit in a Gaussian mode and are 
comparable in beam quality and wavelength. A RAYLASE SUPERSCAN-LD30 scanner and three different 
objectives (focal length of 100 mm, 160 mm and 347 mm) were used with the fiber laser, achieving measured 
focal diameters of 22 μm, 33 μm, and 74 μm [8]. Due to the very small specimen thicknesses and thus low 
welding depths, the different depth of focus of the objectives can be neglected. The scanner system mounted 
on the disc laser was a RAYLASE SUPERSCAN-20 scanner with a 160 mm objective providing a measured 
focal diameter of 25 μm [9]. 
The clamping fixture is made of aluminum. Its mass and volume are great compared to the welding 
specimen. Hence, it can be considered an infinite heat sink. Clamping jaws with an inner width of 6-8 mm of 
the same material fixed the foils on both sides of the welding path over a length of approximately 30 mm. 
Thus, the processing time is limited and focus shift effects caused by thermal lensing, which often occur while 
welding with high power single-mode lasers, can be avoided [8]. Applying the shortest focal length of 100 
mm, a minimal incidence angle of 80°C occurs while scanning the welding path. In this range, the absorption 
coefficient is approximately constant [10]. Hence, variation of the absorption coefficient due to a varying 
incident angle can be neglected. 
3.3. Materials used and their thermo-mechanical properties 
Cold-rolled 1.4301/AISI304 stainless steel foils in thicknesses of 15 μm, 25μm, and 50 μm as well as 
annealed aluminum 99% foils in a thickness of 40 μm were used for the studies. Both aluminum 99% and 
stainless steel differ strongly in their thermo-mechanical behavior. Thus, they are well suited to illustrate the 
influence of the thermo-mechanical properties represented by  (c.f. formula 6) on thermal efficiency. 
These thermo-mechanical properties change with the temperature induced by the welding process. To deal 
with this variation, an average diffusivity value can be applied [6]. For the purpose of determining the average 
value, the thermal diffusivity of the stainless steel was measured in dependence on the temperature. The 
measurement device used in this examination is a LINSEIS XFA 500 with a temperature range up to 550°C. A 
disc in a thickness of 500 μm and a diameter of 25.4 mm served as specimen. The disc and the welding 
specimen of 1.4301/AISI304 stainless steel are both cold-rolled and were obtained from the same supplier 
[11]. The results of the diffusivity measurement are displayed in Fig. 2. Every data point represents the 
arithmetic average of three individual results. 
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Fig. 2. Results of the measurement of thermal diffusivity dependent on the temperature for stainless steel
The stainless steel used has a melting temperature TM of approximately 1,450°C [12]. Subtracting the room 
temperature T0, an average process temperature of 715°C is obtained. Because of the limited temperature range
of the measurement device, the average value could not be measured directly. However, the trend line derived 
from the data points can be considered as linear until a phase change occurs. Average diffusivity is determined
by a linear trend line equation. Thus, the calculation leads to the result AISI=0.0463 cm²/s.
The thermal diffusivity of aluminum 99% could not be examined with an annealed specimen. Due to the
high thermal conductivity of the material, the use of a specimen in a thickness of 2-3 mm is necessary. In these
thicknesses, only medium hard specimens could be obtained from the same supplier [13]. To simplify matters,
the required data for the calculation of Al were obtained from [14]. The value of Al that was assumed here is 
0.968 cm²/s.
3.4. Welding characteristics
While welding stainless steel foils, both laser sources could be applied, all combinations of different foci
and foil thicknesses leading to a full penetration weld with a continuous seam [9, 15].
Fig. 3. Lower process boundary of stainless steel foils in a thickness of (a) 50 μm and (b) 25 μm, welded using the fiber laser and different
focal diameters
Feeding rates up to 6 m/s were achieved using the high-power fiber laser. In contrast to other examinations
[16], periodic humping could not be observed. However, grooving near the weld appeared, and the melt bulged
while welding stainless steel foils in thicknesses of 25 μm and 50 μm at higher feeding rates. These
observations can be characterized as “pre-humping” as introduced in [17]. As the feeding rate was further 
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increased, both grooving and bulging grew, and an undercut of the weld seam as described in [18] was 
observed. Fig. 3 shows the lower welding process boundary of stainless steel foils welded with the fiber laser 
and different focal diameters.
Due to the high thermal conductivity, the aluminum foils could not be welded reliably with the low-power
disc laser. Using the high-power fiber laser, all applied focal diameters lead to a repeatable weld.
Microsections of all welding results at the lower process boundary were prepared. The weld seam cross-
section Aweld as well as the weld seam width b was measured. In Fig. 4, some microsection examples are 
displayed.
Table 1. Applied material, lasers, foil thicknesses and focal diameters
Disc laser Fiber laser Fiber laser
1.4301/AISI 304 foils 1.4301/AISI 304 foils Al 99% foils
Focal diameter: 25 μm Focal diameters: 22 μm, 33 μm, 74 μm Focal diameters: 22 μm, 33 μm, 74 μm
Foil thicknesses: 15 μm, 25 μm, 50 μm Foil thicknesses: 15 μm, 25 μm, 50 μm Foil thickness: 40 μm
Fig. 4. Stainless steel foils, welded with the disc laser in a thickness of (a) 15 μm, (b) 25 μm and (c) 50 μm 
Stainless steel foils, welded with the fiber laser in different thicknesses and focal diameters: (d) 15 μm foil thickness and 22 μm focal
diameter, (e) 25 μm foil thickness and 33 μm focal diameter and (f) 50 μm foil thickness and 74 μm focal diameter
Aluminum 99 % foils in a thickness of 40 μm, welded with the fiber laser and different focal diameters of (g) 22 μm, (h) 33 μm and (i) 74
μm
In order to determine the welding regime (heat conduction or deep welding), the threshold between
conduction and deep welding is considered. As mentioned in chapter 2, the welding regime influences
coupling rate and thus process efficiency. Only welding results obtained in the same welding regime are
comparable to each other. The analytical solution to calculate the regime threshold for a Gaussian power
density distribution introduced in [19] is used. The values used for calculation are shown in Table 2.
= 4 + 1.1 (10)
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Table 2. Values used to calculate the welding regime threshold
Material AISI 304 / 1.4301 Aluminum 99%
Boiling temperature 2,740 K [20] 2,793 K [4]
Thermal conductivity 15 W/m K [12] 230 W/m K [14]
Absorption coefficient 0.37 [10] 0.15 [21]
The calculated threshold and the welding results of the 40 W disc laser (blank data points) and the 1,000 W 
fiber laser (filled data points) are shown in Fig. 5. The results clearly indicate a deep welding process. All full 
penetration welds were obtained above the calculated deep welding threshold. Assuming an average
absorption coefficient A, this leads to the application of a constant coupling rate at identical aspect ratios for 
each material (c.f. formula 2).
Fig. 5. Ratio of power to focal diameter in dependence on the Péclet number for welding results of (a) stainless steel foils in thicknesses of 
15 μm, 25 μm and 50 μm (FL: fiber laser with focal diameters of 22 μm, 33 μm and 74 μm as well as DL: disc laser with a focal diameter 
of 25 μm); (b) Aluminum foils in thickness of 40 μm, welded with focal diameters of 22 μm, 33 μm and 74 μm
4. Results and discussion
4.1. Influence of the focal diameter
The results of lower process boundary shown in Fig. 3 indicate that nearly the same power related to the
feeding rate is necessary to generate a full penetration weld for both a focal diameter of 33 μm and 74 μm. By 
reason of the applied focal diameter, the welding results of 74 μm require lower power density. This denotes a
variation in process efficiency. In a first approximation, the process efficiency is relative to the ratio of the
molten volumetric flow to the laser power [22]. After transforming, the equation leads to a relation of the ratio
of the weld seam cross-section Aweld to the energy per unit length E.
= = (11)
The process efficiency is displayed in Fig. 6 (a) by applying trend lines to the results of the weld seam 
cross-section in dependence on the energy per unit length. A steeper slope of the trend line indicates higher 
process efficiency [22]. Fig. 6 (a) depicts that the process efficiency of the 74 μm diameter tends to be higher.
In contrast, the results of the 22 μm and the 33 μm focal diameters are nearly comparable in terms of process 
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efficiency. With bigger beam diameters at identical foil thicknesses, the aspect ratio AR drops. Therefore, the 
coupling rate abs in a deep welding regime as well as the process efficiency Proc decreases due to less 
multiple reflections (c.f. formula 2 and 3).
A useful method to compare results obtained with differing focal diameters and welding depths in order to
determine the ratio of the coupling rate abs to the heat requirement H is displaying the maximum feeding rate
v as a function f of specific power [2]:
= (12)
The specific power comprises the applied laser power PL, the focal diameter df, and the welding depth s. 
The slope of the trend lines is affected by the ratio of the coupling rate abs to the heat requirement H [2].
Fig. 6. (a) Weld seam cross-section in dependence on the energy per unit length for different focal diameters and stainless steel foils in
thicknesses of 15 μm, 25 μm and 50 μm; (b) Specific power in dependence on the feeding rate for different focal diameters and stainless
steel foils in thicknesses of 15 μm, 25 μm and 50 μm
Fig. 6 (b) shows the results of the 74 μm diameter which has a steeper slope of the trend line in comparison 
to the results of the other diameters. Assuming a coupling rate which is smaller or at least equal at bigger focal
diameters, this denotes that the welds generated with smaller focal diameters require a greater process heat H. 
The process heat is determined by the average temperature of the molten pool [2]. Due to a wider weld seam at
bigger focal diameters, the lateral temperature gradient is decreasing. This leads to decreasing lateral heat 
dissipation with increasing focal diameters in micro welding.
4.2. Influence of the feeding rate
In order to determine the influence of the feeding rate on process efficiency, both laser systems were used,
providing a broad range of welding speeds so as to generate a full penetration weld in the stainless steel foils.
The results presented in 4.1 reveal an effect of the focal diameter on process efficiency. Hence, the welding
results of similar focal diameters (disc laser: 25 μm / fiber laser: 22 μm) were compared only.
In addition to making it possible to show widely differing findings, the double-logarithmic print is also a
test for power function correlations. If the plotted graph forms a line, a power function is given with the slope
of the graph as the exponent n of the function [23]. Coefficient a provokes a parallel translation of the graph in 
direction of the ordinate.
( ) = (13)
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The specific energy per volume is a useful measure for process efficiency. It easily displays the required
energy to be emitted for melting a volume unit. Related to the feeding rate, the specific energy per volume
shows the process efficiency in dependence on process velocity.
Fig. 7 (a) displays the results of the 40 W disc laser (blank data points) and the 1,000 W fiber laser (filled 
data points) in different shapes related to foil thicknesses. The specific energy per volume decreases as the 
feeding rate is increased, following a power function correlation. This indicates that process efficiency grows
as a result. Obviously, the slope of the trend line of feeding rates below 10 mm/s is steeper than that of higher 
ones. Here, process efficiency increases more strongly. Above a feeding rate of 10 mm/s, process efficiency 
follows a different exponent n and thus another dissipation mechanism.
Fig. 7. (a) Specific energy per volume in relation to the feeding rate for welding results of  stainless steel foils in thicknesses of 15 μm, 25
μm and 50 μm (FL: fiber laser with a focal diameter of 22 μm and DL: disc laser with a focal diameter of 25 μm); (b) Péclet number in
dependence on the feeding rate for welding results of  stainless steel foils in thicknesses of 15 μm, 25 μm and 50 μm (FL: fiber laser with
a focal diameter of 22 μm and DL: disc laser with a focal diameter of 25 μm)
Considering a constant coupling rate, thermal efficiency has to be taken into account to describe the
differences of growing process efficiency in dependence on the feeding rate. Thermal efficiency is affected by
the Péclet number to the power of the exponent n (c.f. formula 9). The welding results obtained with feeding
rates below10 mm/s are related to Péclet numbers smaller than 1 (c.f. Fig. 7 b). Within this range, there is a 
threshold changing the exponent n of thermal efficiency.
This finding affects the design of micro welding processes. In order to achieve high thermal efficiency and 
thus low heat conduction losses, the Péclet number of micro welding processes should be at least higher than 
1. When the feeding rate and thus the Péclet number are increased further, process efficiency is raised
continuously (c.f. Fig. 7 a). This could be observed over the whole range of applied feeding rates and Péclet
numbers respectively.
4.3. Influence of the thermo-mechanical characteristics
As mentioned in chapter 2, the thermo-mechanical properties of the welded material represented by have 
a great influence on thermal efficiency and thus on the welding results. To illustrate this effect, the energy per 
unit length in dependence on the feeding rate is displayed in Fig. 8 (a). The results used were those of
aluminum 99% foils in a thickness of 40 μm and stainless steel foils in thicknesses of 25 μm and 50 μm,
welded using the fiber laser at a focal diameter of 33 μm. According to chapter 4.2, the energy to be emitted
for the purpose of generating full penetration welds decreases as the feeding rate increases. Of course, the
welding energy of both materials cannot be compared directly due to the material properties, but thermal loss 
behavior can be described qualitatively using the trend line slopes.
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Most remarkable are the different slopes of the trend lines representing the welding results of the aluminum 
99% and stainless steel foils respectively. The trend line of aluminum 99% is much steeper than the trend lines
of the stainless steel foils are. The different thicknesses of the stainless steel foils cause a parallel translation of 
the graph in the direction of the ordinate, keeping the same slope.
A constant coupling rate at the same aspect ratio (c.f. formula 2) can be assumed similar to the welding 
results of stainless steel. This denotes different dependencies of thermal efficiency on the exponent n (c.f. 
formula 9). While welding aluminum 99%, thermal efficiency comparatively increases more strongly than that
of stainless steel.
Fig. 8. (a) Energy per unit length in relation to the feeding rate for welding results of aluminum 99% in a thickness of 40 μm and stainless
steel foils in thicknesses of 25 μm and 50 μm, welded with a focal diameter of 33 μm; (b) Péclet number in dependence on the feeding rate
for welding results of stainless steel foils with thicknesses of 15 μm, 25 μm and 50 μm and of aluminum foils in a thickness of 40 μm,
welded with a focal diameter of 33 μm
Fig. 8 (b) shows the Péclet number in dependence on the feeding rate. Due to the high thermal diffusivity of 
aluminum 99% (higher than that of stainless steel by a factor of approx. 20), only Péclet numbers up to a value
of 6 can be achieved. This occurs within a range of feeding rates of approximately 0.25 m/s and 5 m/s for 
stainless steel and aluminum 99% respectively. Hence, it is quite difficult to weld aluminum 99% within the
range of good thermal efficiency. If possible, the appropriate material with minimum thermal diffusivity
should be considered in the product design as well so as to minimize heat conduction losses.
5. Conclusions
Process efficiency characteristics during remote welding of ultra-thin metal foils in thicknesses from 15 μm 
up to 50 μm in a lap joint were examined using a high-power fiber laser and a low-power disc laser. The
results obtained are summarized as follows:
Bigger focal diameters lead to higher process efficiency. Due to a smaller aspect ratio, the
coupling rate should decrease. Considering this fact leads to the finding that the heat requirement
is lower while welding with bigger focal diameters.
Welding of stainless steel foils with small feeding rates in a deep welding regime below 10 mm/s
leads to poor thermal efficiency in this study. This is due to the Péclet numbers < 1 achieved.
Process efficiency increases continuously with feeding rates up to 6 m/s.
The thermo-mechanical characteristics represented by have a great influence on the behavior of 
process efficiency. This should be considered in the product design.
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